To prevent damage caused by corroding reinforcement, fiber reinforced polymer (FRP) 6 reinforcing bars have been used in place of steel in a relatively small but increasing number of 7 structures in the civil infrastructure. A concern with the use of traditional FRP bars, however, is 8 the resulting lack of ductility. This problem has been overcome with the development of a new 9 generation of composite reinforcement, ductile hybrid FRP (DHFRP) bars. However, standards 10 that address the design of DHFRP bars are unavailable, and appropriate resistance factors for the 11 use of DHFRP reinforcement are unknown. In this study, a reliability analysis is conducted on 12 tension-controlled concrete flexural members reinforced with DHFRP, with the intent to estimate 13 potential strength reduction factors. Flexural members considered include a selection of 14 representative bridge decks and building beams designed to meet AASHTO LRFD and ACI-318 15 strength requirements and target reliability levels. Nominal moment capacity is calculated from 16 standard analytical models and is taken as first DHFRP material failure. Statistical parameters 17 for load and resistance random variables in the reliability model are consistent with previous 18 code calibration efforts. The resulting resistance factors ranged from 0.61 to 0.64 for tension-19 controlled sections, which indicates a potential increase in allowed strength over flexural 20 members using non-ductile bars.
Introduction 22
The damage caused by corroding reinforcement is a prevailing problem in the civil 23 infrastructure, where approximately 30% of bridges in the United States have significantly 24 deteriorated due to reinforcement corrosion, requiring over $8 billion to repair (Won et al. 2007 ; 25 FHWA 2001). Different approaches have been employed to limit corrosion and the resulting 26 concrete damage, including increasing cover, utilizing epoxy-covered bars, changing mix 27 porosities and adding admixtures to prevent chloride penetration, and implementing active 28 cathodic protection systems. Although these methods have been shown to reduce corrosion in 29 some cases, the problem remains prevalent, particularly in colder climates where chloride-30 containing deicing materials are used, as well as on concrete structures exposed to seawater 31 (FHWA 2001; Smith and Virmani 1996) . 32
The use of fiber-reinforced polymer (FRP) composites represents an alternative approach, 33
where rather than attempt to protect the steel, it is partially or completely replaced with a non-34 corrosive, FRP alternative. In recent years, various bridges in North America have successfully 35 used FRP reinforcement, and these structures can be found throughout the US from Michigan to 36
Texas (Eamon et al. 2012) . Although FRP reinforcement has been commercially available for 37 more than a decade, FRP-reinforced structures represent a small portion of new and renovated 38 concrete bridges. The small use of FRP relative to steel can be explained by various factors, 39 including higher initial costs and designer unfamiliarity with the material and its design process, 40 although design guidelines for FRP-reinforced structural members can be found in the AASHTO 41
LFRD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridge Decks and 42

Traffic Railings (AASHTO 2009) and the ACI Guide for the Design and Construction of 43
Structural Concrete Reinforced with FRP Bars, ACI-440.1R (ACI 2006). Other reasons for lack 44
of use include performance concerns such as low elastic modulus, potential degradation in 45 alkaline environments, and lack of reinforcement ductility. With appropriate selection of FRP 46 materials, however, many of these drawbacks can be reduced or eliminated (Cheung and Tsang 47 2010) . 48
The high initial cost of FRP remains a concern, although long term benefits can be 49 significant. A recent life-cycle cost analysis of FRP-reinforced bridges revealed that, while FRP 50 bars may be on the order of 6-8 times more expensive than steel, and the resulting cost of a 51 typical bridge superstructure reinforced with FRP may range from 25-75% higher than its steel-52 reinforced equivalent, reduced maintenance costs can be expected to result in a net cost savings 53 near 20 years of service life. Moreover, considering a 50 to 75 year time span, total life-cycle 54 costs for typical FRP-reinforced bridges were generally predicted to be one-half or less of their 55 steel-reinforced alternatives (Eamon et al. 2012) . Andrawes 2010). In each of these cases, ductility is achieved by use of the hybrid concept. 64
Here, the reinforcing bars are made of not one, but multiple fiber types, where each type of fiber 65 has a different ultimate failure strain. When the bar is overloaded in tension, the fibers with the 66 lowest ultimate strain (generally the most stiff) rupture first. As load is further increased, the 67 fibers with the next lowest ultimate strain rupture, and so on, until all materials in the bar fail. 68
This incremental failure reduces stiffness as the materials rupture, and if material properties and 69 their volume fractions are selected properly, the remaining fibers will maintain the applied load 70 until the desired level of ductility is reached. For the steel-reinforced section, to provide a sufficiently ductile failure, ACI 318 requires 86 that flexural members are under-reinforced to prevent a much less ductile failure caused by 87 concrete crushing. When such members are designed to an adequate level of ductility, as 88 specified by strain in the extreme layer of tension steel equaling a value of 0.005 or greater while 89 maximum compressive strain in the concrete is 0.003, the resistance factor is taken as 0.90. 90
To account for uncertainties affecting flexural capacity such the yield strength of steel 91 reinforcement, compressive strength of concrete, as well as geometric section properties, the 92 strength reduction factor was derived by considering random variable statistical parameters 93 specifically determined for steel-reinforced flexural members, in order to provide the target level 94 of safety . 95
In contrast, for a concrete flexural member reinforced with FRP, ACI 440.1R is 96 considered, where both under-reinforced as well as over-reinforced flexural failure modes are 97 permitted. For the former, moment capacity is governed by FRP rupture in tension, while for 98 the latter, capacity is governed by crushing of the concrete compressive block. The 99 corresponding resistance factor varies with failure mode, and is linearly interpolated between 100 0.55 (for tension-controlled sections) and 0.65 (compression-controlled), as a function of 101 reinforcement ratio. However, the resistance factor of 0.55 given for tension-controlled sections 102 is lower than that actually needed to provide the target reliability level with regard to flexural 103 capacity; it was lowered further to account for the lack of ductility associated with FRP bar 104 failure (Shield et al. 2011) . 105
Using ACI 440.1R as a guide for the design of FRP-reinforced sections, the two allowed 106 failure modes (tension-and compression-controlled) theoretically apply to DHFRP as well. If 107 DHFRP bars are used in an over-reinforced design, the resistance factor is appropriately taken as 108 0.65, just as for the case of an over-reinforced beam with brittle FRP or steel, as the uncertainties 109 associated with the concrete, rather than the reinforcement, control the flexural failure and hence 110 reliability. However, it only makes sense to use DHFRP in an under-reinforced member, where 111 bar ductility could actually be utilized in the case of an overload. As ACI 440.1R does not 112 provide a resistance factor specifically for DHFRP-reinforced sections, and the existing tension-113 controlled resistance factor of 0.55 was set assuming brittle bar behavior, the design strength of a 114 DHFRP-reinforced section may be unnecessarily penalized. It would be similarly inappropriate 115 to adopt the resistance factor of 0.9 found in ACI 318 for steel-reinforced, tension-controlled 116 members, as that factor was derived based on random variable statistical parameters only 117 applicable to steel reinforcement, such as uncertainties in yield strength and bar size. 118
Given this concern, the objective of this study is to determine potential resistance factors 119 The typical process used for reliability-based calibration is well established. This 134 involves selecting representative designs for consideration; establishing a probabilistic model by 135
identifying the limit state function, the relevant random variables, and their statistical parameters; 136 selecting a target reliability index; evaluating the reliability of the cases considered; and 137 adjusting resistance factors such that the target level is met, which is often an iterative process. 138
Each of these tasks is described below. Material volume fractions for each bar are given in Table 1, while pertinent material  156 properties, Young's modulus (E) and ultimate strain (ε u ), are given in Table 2 . For schemes B4 157 and B5, bars that include randomly dispersed chopped fiber layers, fiber length is taken as 6 mm, 158 with 65% fiber and 35% resin in the layer. Although other DHFRP bar configurations are 159 possible, the generic configurations considered in this study are meant to represent a selection of 160 reasonable possibilities guided by suggestions in the literature, and adjusted to minimize bar 161 costs. In general, once bar material types and number of layers were chosen, the required 162 volume fractions were then determined in order to meet both strength and ductility requirements, 163 as described below. 164
165
Deterministic Analysis 166
For bars composed of fiber and resin only (i.e. no steel), as with B1-B4, DHFRP-167 reinforced concrete flexural member moment capacity can be determined as: 168
Equation (1) provides the moment capacity at the point where the first FRP material in the bar 171 fails, as governed by the lowest ultimate fiber strain. As shown in Tables 1 and 2, for the  172 schemes considered, this first material failure is IMCF-II for B1-B3 and IMCF-I for B4 and B5. 173
For design as well as capacity analysis, M c is taken as the nominal moment capacity M n . The 174 contribution to flexural capacity from the concrete tensile strength is ignored in the expression, 175 which is insignificant for the schemes considered. 176
In eq. (1), the first term in square brackets is the distance between the tensile 177 reinforcement centroid and that of the concrete compressive block. The second term in square 178 brackets represents the tensile force in the reinforcement at first material failure. In both terms, 179
, where n is the number of material layers; is the failure strain of the first fiber layer to fail; K 1 and K 2 define the shape of the concrete 183 compression block in Hognestad's parabolic stress-strain model (Hognestad 1952) , where K 1 is 184 the ratio of average concrete stress to maximum stress in the block and K 2 defines the location of 185 the compressive block centroid; A T is the total tensile reinforcement area; d is the distance from 186 the centroid of tension reinforcement to the extreme compression fiber in the beam; and b is the 187 width of the concrete compression block. For scheme B5, with a steel core, the resistance 188 moment can be similarly developed as: 189
where the second square bracketed term represents the compressive force in the concrete at first 192 material failure; s v is the volume fraction of steel; and y f is the yield stress of steel. For 193 schemes where chopped fiber layers are used (B4, B5), the effective modulus of the fibers, E fi , 194 must be reduced to account for non-continuity. This can be calculated as
where LE η accounts for reductions due to fiber length and OE η accounts for fibers that are 
To evaluate the ductility of a DHFRP-reinforced section, the load deflection or moment-226 curvature function is needed; in this study, moment-curvature is considered. Before the section 227 cracks, moment capacity is calculated based on elastic section properties with Table 4 . 311
For reliability analysis, the relevant limit state is: g = M -M a . Failure is defined when 312 flexural member moment capacity M exceeds maximum applied moment on the flexural member 313 M a (i.e. when g ≤ 0). M is defined as M c P, where M c is the moment capacity of the section, as 314
given by eqs. 1 or 2, as appropriate for the DHFRP bar type used, and corresponds to the first 315 peak of the moment-curvature diagram in Figure 3 . M is a function of the resistance RVs given 316 in Table 3 , while P is the professional factor given in Table 3 . M a is the applied moment effect, 317 as a function of the dead and live load RVs given in Table 4 . Note for consistency with existing 318 code calibration efforts, the reliability analysis in this study is similarly based on strength, 319 although serviceability limits typically govern design. Probability of failure p f of the limit state 320 for each case considered was calculated with Monte Carlo simulation, then transformed to 321 reliability index β with β = -Φ -1 (p f ).
As the MCS procedure progressed, the number of 322 simulations was increased until β converged, which occurred close to 2x10 6 simulations for most 323
cases. 324
For each flexural member considered, a resistance factor φ is determined for design that 325 is required for the reliability index of the member to meet the minimum target of 3. Although the resistance factor range of 0.61-0.64 is above that specified for non-ductile 344 bars, it is still much below the 0.90 for tension controlled, steel-reinforced members needed to 345 produce the same target reliability index of 3.5.
Clearly then, if designed with the same 346 reduction factor, a steel-reinforced member would be significantly more safe than one using 347 FRP. It should be note that this discrepancy in safety level is not related to ductility, and is 348 observed only from consideration of moment capacity. It is a direct result of the different levels 349 of uncertainty inherent in steel as opposed to DHFRP (or FRP) reinforcement, as described by 350 the different statistical parameters of critical reinforcement random variables. 351
Here there are three important differences in variability: reinforcement geometry, 352 reinforcement stiffness, and analytical prediction of moment capacity. With regard to 353 reinforcement geometry, the variation in cross-sectional area of steel reinforcement is negligible, 354 and is generally taken as deterministic in reliability analysis Resistance factors needed for tension controlled DHFRP-reinforced flexural members to 366 meet ACI 318 and AAASTHO LRFD target reliability levels were estimated with a reliability 367 analysis and calibration process. Using the models considered, it was found that the resistance 368 factor has the potential to be increased above the currently specified value of 0.55 for tension 369 In this case, rather than specifying a resistance factor of 0.55, the findings of this study suggest 376 that φ might be reasonably increased to a value between 0.61-0.64. This is not a large increase, 377 but is a significant difference, particularly given the relatively high cost of FRP. If DHFRP bars 378 are used in compression-controlled sections, the properties of the DHFRP bars do not 379 significantly affect the reliability analysis, and it can be demonstrated that φ should 380 appropriately remain unaltered at 0.65, as specified for all concrete-controlled failures. Thus, 381 using DHFRP bars, a linear interpolation might be made between 0.65 for compression 382 controlled failures to a value between (0.61-0.64) for tension-controlled failures, based on 383 reinforcement ratio, rather than from 0.65 to 0.55 as for non-ductile bars. The specific choice of 384 an appropriate φ value for a tension-controlled condition (i.e. perhaps between 0.61-0.64) is an 385 issue in need of further study, as this directly effects the target reliability index. In this study, the 386 target index of 3.5 for steel-reinforced beams was considered as a baseline for comparison due to 387 the ability of DHFRP-reinforced sections to meet ductility indices and tensile strains similar to 388 steel-reinforced beams at section ultimate capacity. However, it can be argued that due to other 389 performance differences between DHFRP and steel (such as, the inability of the DHFRP-390 reinforced section to behave in a ductile manner for more than a single overload, which is clearly 391 disadvantageous for cyclic forces), a different target level may be deemed appropriate. Raising 392 this target level would provide the need for a lower range of resistance factors. 393
Although strength and ductility requirements can be addressed, an additional 394 consideration with the use of DHFRP, as well as non-ductile FRP bars, is cracked section 395 stiffness for cost-effective bar configurations. As the effective elastic modulus of DHFRP 396 reinforcement is lower than that of steel, deeper sections as well as higher concrete strengths are 397 generally required to simultaneously meet strength, ductility, as well as deflection constraints. 398
For the girder spacings considered, this required minimum bridge deck thicknesses from 200-399 250 mm (8-10 in). For building beams, it is suggested that ACI 440.1R recommendations are 400 used to establish minimum depths. 401
The results of this study suggest that an increase in resistance factor for tension 402 controlled, DHFRP-reinforced flexural members may be warranted. However, for better 403 statistical quantification, additional experimental research data is desirable for DHFRP-specific 404 random variables, including fabrication and manufacturing variations as well as professional 405 factor. A larger database of experimental results would allow greater refinement of the results 406 found in this study. 407 
